Electron microscope radioautography has been used to study hormone-receptor interaction. At intervals of 3, 10, and 20 min after the injection of l~I-insulin, free hormone was separated from bound hormone by whole body perfusion with modified Ringer's solution. The localization of bound hormone, fixed in situ by perfusion with glutaraldehyde, was determined.
strated that label initially bound to the plasmalemma is subsequently found within the hepatocyte, and especially within the Golgi region. 1
MATERIALS AND METHODS

Animals
The studies were carried out with 14 young male Sherman rats (40-55 g body weight; fed ad libitum) bred from the McGiil Department of Anatomy colony.
Tracer mI-insulin (porcine, 24.4 U/mg; Connaught Laboratories, Willowdale, Ontario) was freshly prepared immediately before each experiment. The iodination was carried out using Chloramine T as described previously (33) . The reaction mixture was diluted with 2.5% bovine serum albumin in 25 mM Tris HC1, pH 7.4, and 0.1-ml portions were injected into the portal vein. z The quality of each ~I-insulin preparation was tested by measuring its specific binding as described elsewhere (5, 32) . The specific activity of the injected t~I-insulin varied from 134 to 160/~Ci//zg.
Injection, Perj~sion, and Fixation
Under nembutal anesthesia, animals received 0.1 rrd of radiolaheled hormone (from 138.6 x 100 to 177 x 106 dpm) by intraportal injection. At 3, 10, and 20 rain after injection of label, the animals were whole body perfused by gravity (1.2 M height) through the left ventricle (21-gauge needle; Venoset 78 no. 1881 intravenous set; Abbott Laboratories, North Chicago, Ill.) with lactated Ringer's solution (Abbott Laboratories) to remove unbound hormone. The perfusion with modified Ringer's solution was carried out until the liver blanched (30 s maximum) and was followed by freshly prepared fixative (2.5% glutaraldehyde in 0.1 M Sorensen's phosphate buffer, 0.1% sucrose, pH 7.3) for 10 rain flowing through the "Y" joint in the Venoset. Subsequent fixation and processing were carried out as described previously (4). Control animals received the same quantity of freshly prepared mI-insulin along with 50/zg of unlabeled insulin.
1 These observations were presented in part at the 17th annual meeting of the American Society for Cell Biology and published in abstract form (3) . 2 The proportion of radioactivity in free 1~I was between 18.8 and 27.7% of the total injected radioactivity for the various experiments. When equivalent doses of 1~I alone or 1~I with unlabeled insulin (50 /zg) were injected, little (2% of that seen with ~sI-insulin) binding or uptake by the liver was observed when assessed biochemically and no radioautographic reaction at the light microscope level was observed.
Quantitative Radioautography
Light and electron microscope radioautography of embedded tissues were performed as described previously (4). Fine grain development was carried out by the Agfa-Gevaert "solution physical" technique (22) as described before for Golgi fractions (5) . Ilford L-4 emulsion (Ilford Photo, Don Mills, Ontario) was used for most of the experiments reported in this study. In some experiments, the Sakura NR-H2 emulsion (obtained from Dr. K. Imamoto, Shiga University, Shiga, Japan) was used, 3 in which case the exposure was carried out under helium (23) , and development was carried out with Kodak D19B. This resulted in filamentous grains (22) .
Radioautographs were analyzed by scoring the structure directly undedying the grain (24) . The diameter of filamentous grains resulting from the development of the Ilford L-4 emulsions in Kodak D19B was -260 rim. The diameter of the developed silver fine grain by the solution physical technique was -40 nm. Fine grains are formed either singly or in small clusters of two to three silver deposits (22) , providing potential difficulty in scoring. Thus, quantitation of the distribution of fine grains was carried out by scoring the structure underlying each silver deposit as well as under each silver crystal as described by Kopriwa (22) as follows: A transparency of a circle with a diameter equivalent to the average size of the silver bromide crystal (0.14 ~m) in the emulsion was superimposed over clusters of silver deposits to group them into crystals. The structure underlying such a crystal was then scored.
The scoring was divided into grains exclusively over defined cellular compartments and those over two, over three, etc. compartments. These shared grains were then assigned to structures on the basis of the original proportion of exclusive grains over the same structures. Shared grains were a minor proportion of the total in most circumstances.
To quantify the number of receptors over the hepatocyte plasmalemma at the 3-rain time point, the procedure outlined by Fertuck and Salpeter (15) was followed. Briefly, the analysis was carried out on two sets of micrographs, all taken at an initial magnification of 10,000 and photographically enlarged to 30,000. The first set (method A) of electron micrographs was taken at random (and thus included several micrographs with no grains and no plasmalemma). The second set (method B) was taken only wherever there were grains. A twodimensional grid made by photocopying 1 • 1 cm graph paper onto a transparency" (equivalent to 0.335 tzm spacing when corrected for magnification and photocopying error) was placed over each of the electron micro-graphs, and the number of intersections with the plasmalemma was noted (only cross sections of plasmalemma were scored). For both methods A and B, the length of plasmalemma was then determined from equation 1 of Fertuck and Salpeter (15) . From this value, the concentration of bound insulin was determined by dividing the total number of grains by the length of plasmalemma. The grain density (grains/square micrometer of plasmalemma) was then calculated by dividing by the thickness of the section (50 rim, determined on profile sections). Using the value of 60% as the efficiency of detection of 1~I sources, with monolayer Ilford L-4 emulsion (14) , and taking into account specific radioactivity of l~I-insulin at the beginning of the exposure period, degree of iodination of insulin (theoretical [~zSt]monoiodoinsulin, 368 /~Ci//xg) duration of exposure, half-life of 1~I and Avogadro number, the number of insulin binding sites per unit plasmalemma and thence per bepatocyte was determined.
The receptor distribution along the hepatocyte plasmalemma was also determined for the 3-rain time point of the experimental sections. Thus, the plasmalemma was demarcated on the micrographs into the sinusoidal surface, lateral surface, and the membrane of the bile canaliculus. As for the calculation of receptor number, all grains were used in the analysis; the grain nearest the defined portion of the plasmalemma was attributed to a source from that plasmalemma compartment (4). The analysis was carded out on micrographs taken at random (method A) as well as micrographs taken only where grains were found (method B).
Electron Microscope Cytochemistry
Cytochemical reactions for acid phosphatase using cytidine monophosphate as substrate or trimetaphosphate as substrate (30 min of incubation at 37~ were carded out on "chopper" sections of liver as described by Hand and Oliver (17) and Doty et al. (11) . Radioautography was carried out on the cytochemically reacted tissue using Sakura NR-H2 emulsion as described above.
Radioactivity Determinations
These were carded out with a Packard gamma counter (Packard Instrument Co., Inc., Downers Grove, I11.) operating at an efficiency of 41.5 %.
RESULTS
Loss of Label
The retention of the bound radiolabeled insulin in tissue during fixation, dehydration, and embedding was assessed by quantifying the losses in radioactivity after the perfusion with glutaraldehyde. In one experiment (Table I ), all fixative and alcohol solutions were combined and counted for radioactivity. The majority of the radioactivity remained in the Epon-embedded blocks. In a second experiment (data not shown), each of the fixatives, block stains, dehydration solvents, and Epon was assessed for radioactivity. Losses were found to occur primarily in the glutaraldehyde immersion step of the procedure.
An assessment of radioactivity in liver and thyroid was determined for the time intervals under study (Table II) . About half the label was lost from the liver by 20 min (as determined both biochemically and radioautographically; Table II ). However, with time, label was concentrated in the thyroid presumably in the form of thyroglobulin (26, 27) . We therefore conclude that any free 1~I Experimental rats received intraportaUy 0.1 ml of l~I-insulin (177 x 10 ~ dpm; sp act, 135 ttCi/ttg). At various times after injection, the animals were perfused sequentially with lactated Ringer's (30 s) and gtutaraldehyde as described in Materials and Methods. Small pieces of the left median lobe of liver were removed, blotted, and weighed in a vial of glutaraldehyde preweighed on an analytical balance. A portion of the weighed liver sample was removed and processed for electron microscopy. The remaining portion was blotted, weighed as before, and radioactive content was determined with the gamma counter. * Determined from adjacent portion of liver sample and corrected for differences in weight. ~: Radioactivity units, disintegrations per minute. w Not determined. 18.3 x 106 dioactivity in fixed thyroid (dpm/g wt) Grains per 11.4 x 8.9 -+ 0.7w 3.1 -0.4 11.4 /~m frame over liver sections after 14-d exposure~ * As described in the legend to Table I. 21-d Interval between injection of isotope and coating with emulsion. w -+ SEM.
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in the reaction mixture is rapidly removed from the circulation by the thyroid. Similarly, any labeled ~z~I released from the liver as a consequence of hormone degradation would also rapidly find its way to the thyroid.
Light Microscope Radioautography
The experimental samples and their controls (in which 50 /~g of unlabeled insulin was coinjected with the same amount of labeled insulin) are depicted in Figs. 1-6.
The specificity of labeling at an early time interval (3 rain) is illustrated by Fig. 1 with grains observed over the hepatic parenchyma but not to any appreciable extent over the cellular and noncellular components of the portal area. With respect to the parenchyma at the early interval, a peripheral localization of grains was observed over hepatocytes. At later time intervals (Figs. 3 and 5), fewer grains were observed over the cell periphery and clusters of grains were found over hepatocyte perinuclear areas.
The control samples (Figs. 2, 4, and 6) demonstrated a grain distribution considerably different from that of the experimentals (Figs. 1,3, and 5). At all time intervals, grains were observed over cells lining the sinusoidal lumina and were reduced or absent over the hepatocytes.
Electron Microscope Radioautography
EXPERIMENTAL SECTIONS--EARLY TIME INTERVALS: Evidence has been previously obtained (4) that at 3 min after the injection of tz~I-insulin, label is located exclusively on the hepatocyte plasmalemma. We have now attempted to quantify the number of binding sites marked by this procedure. This was carried out by placing a two-dimensional grid over the electron micrographs ( Fig. 7) and determining the density and number of binding sites per cell as outlined in Table III and Materials and Methods. In addition, the distribution of binding sites along the various domains of the hepatocyte plasmalemma was determined as described in Table IV . These data were compared (Table IV) to recent estimates (7) of surface area of the three physiologic poles of the hepatocyte plasmalemma.
EXPERIMENTAL SECTIONS--LATER TIME INTERVALS: Direct grain counting indicated significant intracellular localization of the grains at both 10 and 20 min postinjection (Tables V and  VI) . Of note at the 10-rain intervals was the proportion of grains over the Golgi region (Figs. 8 and 9, and Table V) . The large filamentous Ilford grains rendered it difficult to identify the structures beneath the grains. However, with fine-grain development it was possible to be more precise in scoring grains. It was found (Table V, right side) that grains overlay elements scored as Goigi (containing very low density lipoprotein-like particles [1, 12] and thus included GERL [29] ) but also overlay structures scored as lysosome-like vacuoles (Fig. 9 , Table V ). Also of note was the finding that with the fine grains, small, uncoated, irregular cytoplasmic vesicles accounted for some of the labeling previously ascribed to the free cytoplasm when counting the larger filamentous grains. One problem in counting the fine grains was whether to count individual silver deposits or groups of silver deposits the size of an Ilford L-4 crystal. Thus, fine grains were counted using both conventions, with little difference noted in the distribution (Table V) . At the 20-min interval, the highest proportion of grains was observed over the lysosome-like 430 THE JOURNAL OF CELL BIOLOGY" VOLUME 80, 1979 
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Cytochemistry
Acid phosphatase cytochemistry was carried out on liver sections 20 rain after the injection of mIinsulin. The reaction clearly marked the lysosomes but surprisingly, grains were not associated with these lysosomes but rather, with unreactive vacuoles or unreactive components of the Golgi apparatus (Figs. 11-13) . A quantitative analysis was carried out. This analysis was restricted to the FIOURE 7 Illustration of grid used for quantifying receptor density. Region close to the sinusoidal surface of three adjacent bepatocytes perfused 3 rain after the injection l~I-insulin (as described in the legend to Fig. 1 ). Filamentous grains are in close proximity to the hepatocyte plasmalemma. • 30,000.
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THE JOURNAL OF CELL BIOLOGY' VOLUME 80, 1979 Micrographs of experimental sections were taken either at random (A) or only where there were grains (13) . Grains were allocated to the closest portion of hepatocyte plasmalemma. All grains, regardless of location in the micrographs, were used in the analyses. * From Blouin (7) uncorrected for systematic errors due to section thickness effect (40) .
Golgi region of the hepatocyte and only to those cells which showed a strong cytochemical reaction. Both the original negatives and printed positive images of the micrographs were carefully analyzed. This was carried out to prevent the underestimation of grains over reactive lysosomes by obliteration of the grain image from the cytochemical reaction deposit. Nevertheless, of 146 grains analyzed, 87.6% were over structures negative for cytochemical acid phosphatase activity, 8.2% were over strongly reactive structures, and 4.1% over weakly reactive vesicles (usually containing very low density iipoprotein-like particles and probably Golgi secretory droplets and/or components of GERL [29] ).
"Excess" Unlabeled Insulin as Control
The nonspecific control consisted of the injection of excess unlabeled insulin to saturate the high affinity receptors and thus competitively reduce the labeling of these receptors by l~I-insulin. Such a control was previously shown (4) to demonstrate grains primarily over endothelial cells, the hepatocytes being largely unlabeled.
In the present study, quantitative analysis 4 was 4 Scoring the structures underlying grains is equivalent to using a resolution boundary circle the radius of the grain (for Ilford filamentous grains ~130 nm; for IIford fine grains ~20 nm). Under our laboratory conditions, the HD (half-distance, line source [4]) for Ilford filamentous grains has been determined as -153 nm (4) and for Ilford fine grains, 80 nm (24) . For point sources, HR carried out on sections of control animals fixed 10 min after injection. Grains were found over both macropinocytotic vesicles and dense bodies of endothelial cells (Fig. 14) . Quantitative analysis (Table VII) was carried out and the scoring of IIford filamentous grains and fine grains was compared. Although little difference in scoring the proportion of grains over hepatocytes vs. endothelial cells was noted, there were considerable differences between the two techniques when scoring grains over structures present within endothelial cells. Thus, of the filamentous grains over endothelial cells, 49.7% were attributed to macropinocytotic vesicles and dense bodies; while of the fine grains either 83.2% (silver crystals, convention I) or 87.7% (silver deposits, convention lI) of the endothelial grains were attributed to these same structures. Clearly, when considering a small attenuated cell such as the endothelial cell, fine grain development leads to a more precise scoring of radioactive sources.
DISCUSSION
Free hormone was separated from bound hormone by the whole-body perfusion technique. This was concluded from analysis of radioautographs which showed few grains over sinusoidal lumina, blood vessels, and lymphatics. The bound hormone was adequately fixed as judged by the low level of solvent extraction of radioactivity in processing for electron microscopy. That this bound hormone was associated with saturable sites was concluded from the low level of labeling over hepatocytes when excess unlabeled insulin was coinjected with lzsI-insulin. As injected lzsIinsulin is rapidly cleared from the circulation (19), it therefore follows from the above considerations that radioautography can provide valuable information on the number, distribution, and fate of receptor-bound insulin molecules in a target tissue such as liver (see also reference 20).
Plasmalemma Receptors: Quantitation and Distribution
Based on published values of plasma volume (18) , it can be calculated that an initial circulating concentration of -5 • 10 -8 M l~I-insulin was (half-distance, point-source) is expected to be greater than these values (35) . A comparison of the simple scoring technique used here and more rigorous methods (i.e. references 6, 28, 36, 42) has shown no significant difference in determining the source of radiation (24) . The injected insulin and tissue processing was as described in the legend of Fig. 3 .
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The enclosures indicate where differences were found between the scoring of Ilford filamentous grains and that of fine grains. The development procedures were as outlined in Materials and Methods (e.g., Fig. 8 for filamentous grain and Fig. 9 for fine grain). * The total numbers of grains analyzed were 382 filamentous grains and 196 fine grains (convention I) or 296 fine grains (convention II injected with the experimental animals. This concentration should be sufficient to occupy completely the high-affinity receptors based on the two-site model (21, 31, 33, 38) or occupy 85% of all receptors based on the negatively co-operative model (e.g. reference 33). Previous work (4) demonstrated that all grains at the 3-min interval could be ascribed to an exclusive source of radiation on the hepatocyte plasmalemma. Therefore, following the method of Fertuck and Salpeter (15) for the calculation of receptor number by electron microscope radioautography, we have calculated ~10 ~ insulin receptors/hepatocyte. This is identical to our previous estimate (4) based on light microscope radioautography. No notable difference was found whether electron micrographs were taken at random or only wherever there were grains. The distribution of receptor sites along the hepatocyte plasmalemma was analyzed. Grains were observed over both the sinusoidal and lateral segments of the ptasmalemma but label was absent from the bile canalicular membrane. Thus, l~zI-insulin probably did not diffuse past the occluding junctions which seal off the bile canaliculus. The comparison of receptor distribution and recently published estimates of surface area of the various domains of the hepatocyte plasmalemma indicated no preferential localization of receptors over the lateral or sinusoidal segments of the plasmalemma, and no obvious clustering of grains was noted. The experiment is described in the legend to Fig. 5 . * The quantitation was carded out on sections coated with Sakura emulsion (see Materials and Methods) and represented the analysis of 223 grains. :~ No grains were observed over classical lysosomes, i.e., dense or residual bodies. w In addition, 6.4% of the grains were found over nonhepatocytes, i.e., over endothelial cells and lumina of sinusoids.
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ThE JOURNAL OF CELL BIOLOGY" VOLUME 80, 1979 FIGURE 8 Experimental section. The animal was perfused 10 min after the injection of [l~I]insulin (conditions described in the legend to Fig. 3 ). Filamentous grains are observed over the hepatocyte Golgi apparatus (G). 99 d exposure.
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Internalization o f Label
Both the light and electron microscope radioautographs indicated an internalization of label. finding can be explained by the hypothesis of retrieval and reutilization of plasmalemma components during the process of protein secretion (13, 30) . Our experimental data, however, showed in addition a progressive accumulation of grains over Golgi vacuoles of uncertain origin and function. Thus, by 20 min, the highest proportion of grains was over these vacuoles. As approximately half the radioactivity (Table II) Chem., in press) was rapidly taken up into purified Golgi fractions. The radiolabeled hormone found within the fractions was intact by biochemical criteria. Electron microscope radioautography of the fractions showed the label to be associated with the membrane of morphologically defined Golgi elements. degradation pathway of the hormone. Acid phosphatase cytochemistry failed to confirm the identification of the vacuoles as lysosomes, although local negative chemography cannot be formally ruled out. The enzymes considered to be part of the insulin degradation pathway (insulin glutathione transhydrogenase [39] and insulinase [25] ) have been shown to have maximum activity at neutral pH and (at least for insulinase) to have a clear-cut "optimum" of pH 7.5 (10) . Although insulinase has been ascribed a cytosolic location by subeellular fractionation (10, 25) , this could be an artifact of homogenization of a potentially fragile organelle. Thus, the vacuoles described in the present study could represent a compartment containing the enzymes involved in the initial degradation of insulin and/or participate in the intracellular transmission of hormone action.
The absence of grains over deafly defined residual bodies may mean that 20 rain is too early for hormone to appear in this compartment. As well, however, the acid pH of the lysosomal content would be expected to rapidly dissociate hormone from receptor (33) . Thus, the hormone might not be fixed and therefore undetected by our techniques. Liver lysosome fractions do indeed have the capacity to degrade insulin (9) but whether they actually do so in vivo is not clear.
Other groups have suggested that insulin is internalized. Thus, using isolated hepatocytes, Terris and Steiner (38) have provided biochemical evidence that both insulin and receptor are internalized. Gordon et al. (16) , also with hepatocyte cultures, have suggested a limited internalization of label as assessed by electron microscope radioautography. It should, however, be pointed out that this latter study was carded out under conditions of continuous labeling and would thus be expected to underestimate internalized label. Finally, at the level of the light microscope, a recent report by Schlessinger et al. (37) with fluorescent derivatives of insulin has documented internalization of hormone into endocytotic vesicles of fibroblasts.
Anderson et al. (2) have demonstrated the uptake of very low density lipoprotein bound to receptors on cultured fibroblasts. The internalization occurs via coated pits on the fibrocyte plasmalemma which pinch off to form coated vesicles which lose their coat and donate the very low density lipoprotein into the lysosome system of the fibrocyte. Such pits and coated vesicles are also found on the hepatocyte plasmalemma, not 438 T],IE JOURNAL OF CELL BIOLOGY" VOLUME 80, 1979 only at the sinusoidal surface ( Fig. 15 ) but also at the bile canaliculus (see Fig. 1 of reference 34). Such structures (100 nm Diam) would be obliterated by the large filamentous grains. We are at present testing by both subcellular fractionation and fine grain radioautography to determine whether coated vesicles are the mode of entry into the hepatocyte.
Excess Unlabeled Insulin as Control
The radioautographic technique based on the rationale of the biochemical specific binding assay (4) has localized insulin-specific binding sites. Thus, the sites should be labeled by lz~I-insulin and competitively blocked by added unlabeled 440 THE JOURNAL OF CELL BIOLOGY" VOLUME 80, 1979 FIGURE 15 Section from experimental fiver perfused min after the injection of mI-insulin (conditions described in legend to Fig. 1) . The micrograph indicates a region close to the sinusoidal surface adjacent to the space of Disse (D) and an endothelial cell (E). Ilford filamentous grains overlie the periphery of the hepatocyte. However, the arrows indicate coated vesicles and coated invaginations of the cell surface which are a noteworthy feature of the hepatocyte periphery. It is speculated that these might be the carriers through which mI-insulin is internalized within the hepatocyte. Exposure, 78 d. x 20,000.
insulin at a concentration ("excess") greater than that required to saturate the receptors (reviewed in reference 31). As -5 x 10 -6 M unlabeled insulin was injected in the case of controls, this should saturate and competitively inhibit nsI-insulin binding to its receptors. Quantitative radioautography indicated that much of the label over hepatocytes was inhibited by the coinjeetion of 50 /zg of unlabeled insulin (control) at all the time intervals studied. However, such was not the case for the endothelial cells. In experimental animals, only low labeling over endothelial cells was observed. In the controls, about four-fifths of the labeling (the total grain density over control sections was always about one-half that of the experimentals-data not shown) was over endothelial cells and over the postulated (43) lysosome system of this cell. The pinocytotic process was apparently activated by high concentrations of hormone, and grains visually appeared close to one pole of the membrane of the macropinocytotic vesicles (see reference 4 and Fig. 14 of this paper) . This leads us to suggest that, far from representing nonspecific labeling, the findings suggest a low affinity receptor on the luminal surface of the endothelial cell although other explanations are possible. The biological BERt~r~ON Ea" AL.
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significance of the postulated receptor is as yet unknown.
Conclusions
Insulin initially binds to receptors dispersed over the sinusoidal and lateral surfaces of hepatocyte plasmalemma. The hormone is internalized into the Golgi region of the hepatocyte and especially into vacuoles whose functions are unclear but may represent a site of action and/or degradation of insulin.
